The surface photovoltage ͑SPV͒ spectrum due to subband-gap illumination of thin films is theoretically studied. It is shown that this SPV is inherently sensitive to buried interfaces just as it is sensitive to the external semiconductor surface. The different contributions to the SPV from all the optically active gap states present within a sample, consisting of a bulk substrate covered by a thin film, are analyzed. Analytical expressions are obtained in the low illumination intensity and the depletion approximation regime. The evolution of the SPV spectrum with film thickness is examined and is found to depend on both site and population of the gap states. Three modes of evolution are found, according to the relative importance of gap state population changes with film thickness. These modes are confirmed by a numerical simulation of a thin film of pseudomorphic InAlAs on InP substrates and by experiments conducted on the same system. The approach is also applied to the InP/In 2 O 3 system, revealing gap state formation, followed by filling with electrons, thereby explaining previous observations of nearly ideal I -V behavior at this junction.
I. INTRODUCTION
Thin solid films of submicron thicknesses are widely used in many modern electronic devices. It is well known that the electronic and optoelectronic properties of such films are strongly affected by localized gap states.
1,2 Information about the electronic structure of surfaces is typically extracted from surface photovoltage spectroscopy ͑SPS͒ measurements. 3, 4 This technique probes the electronic surface states by contactless monitoring of the effect of subband-gap illumination on the surface potential. The surface photovoltage ͑SPV͒ spectra obtained at the free surface of a thin film may be complicated by the possible presence of gap states in the film and at its interface with the substrate. Despite being surface sensitive, the SPV is definitely influenced by the electronic structure of the thin film, the substrate, and their interface. Therefore, it is of great interest to determine the properties of the underlying localized gap states through their influence on SPS measurements taken at the external film surface.
In this article we analyze the various contributions of the gap states to the SPV spectrum according to their location relative to the external surface. In particular, we show that SPS measurements as a function of the film thickness provide insight into charge exchange mechanisms between various parts of the system. In addition, they may make it possible to distinguish between contributions of differently located gap states.
Section II presents a general theoretical framework for analyzing SPV spectra of thin films. In particular, analytical expressions are derived under the depletion approximation and at low light intensities, showing that the SPV is a linear combination of various gap state contributions with weighting coefficients that depend on state location and parameters. In Sec. III, charge exchange mechanisms are discussed in view of the evolution of the SPV spectra with film thickness. In Sec. IV, numerical simulations, free of simplifying assumptions, which support the predictions of the analytical theory by considering a specific interface state ͑at the pseudomorphic InP/InAlAs thin-film structure͒, are given. Finally, experimental results obtained at pseudomorphic InP/ InAlAs and InP/In 2 O 3 interfaces, which highlight various aspects of the theoretical discussion, are presented in Sec. V.
II. THEORETICAL FRAMEWORK
Let us consider a semiconductor sample, comprising a semiconducting film grown on a semiconducting bulk substrate, which may have different material parameters. There are two interfaces in such a sample: an internal one ͑between the substrate and the film͒ denoted as the interface and an external one ͑between the film and the ambient͒ denoted as the surface. Each of these interfaces induces a non-neutral region. Gap states in any non-neutral region present within the sample may contribute to the measured SPV signal as long as illumination can reach them. The reason for this becomes apparent with the aid of Fig. 1 , which shows the band lineup of a typical sample in the dark ͑solid curve͒ and under illumination ͑dashed curve͒. The neutral region of the substrate has a fixed potential through an ohmic contact to a grounded port, whereas the potential of the surface remains free. The latter is linked to any other illuminated region, no matter how deep within the sample it lies, because the energy bands are serially connected. Absorption alone does not guarantee a SPV signal. An additional necessary condition is that charge separation take place. Hence, the gap state must be within a space-charge region.
We now focus on developing analytical expressions for the SPV signal of depleted thin films. We begin our analysis by examining the relation between the charge of local electron states and the surface voltage. Under the depletion approximation, there is no electric field in the neutral part of the substrate and consequently dV/dx͉ xϭw ϭ0, where w is the width of the total depletion region ͓which extends from the surface ͑at xϭ0͒ into the substrate͔ and V is the built-in potential. We will also choose V(w)ϭ0 and denote V(xϭ0) as V s . The SPV is defined as the change in V s due to illumination. Two integrations of Poisson's equation yield
where ͑͒ is the total charge density ͑per unit volume͒ within w and ⑀(x) is the dielectric permittivity. In most semiconductor thin-film systems
where ⑀ s and ⑀ f are the dielectric constants in the substrate and in the film, respectively. In this case, Eq. ͑1͒ may be approximated by
This expression simplifies the analysis without affecting the main physical results and is used henceforth. Charge conservation requires that the surface charge density be equal and opposite to the total charge per unit area in the depletion region. Thus,
where Q ex denotes the charge density at the external surface and Q sc is the total charge ͑per unit area͒ in the semiconductor space-charge region.
In the following we assume that the illumination intensity is low enough so that the relative changes in , w, and consequently V s are small. Using calculus of variations, 5 one may obtain the changes in surface voltage and surface charge upon illumination in the form 
͑7͒
The charge density (x) may be expressed as
where f and s are the charge densities in the thin film and in the substrate, respectively; Q in is the surface charge localized at the internal interface, w f is the film thickness ͑obvi-ously, w f Ͻw due to the assumptions above͒, and u( ) and ␦͑ ͒ are the step and delta functions, respectively. Using Eq.
͑8͒
, we obtain
͑9͒
In order to express ␦V s as a function of the illumination intensity I, we must find the relation between the charge densities and I. This is done by using the concept of the fractional population of the gap state f t ͑i.e., the electron density equals f t multiplied by the gap state density N t ͒. Under subband-gap illumination, the change in f t is expressed as
where f t I and f t D are the fractional populations under illumination and in the dark, respectively. From Shockley-Read statistics 6 it is well known that these fractional populations may be expressed as where n ( p ) is the optical cross section for electrons ͑holes͒. Note that the optical cross section is a function of the photon energy; particularly, it is zero for photon energies below the energy separation between the relevant level and band. In addition, note that despite neglecting the free-carrier densities in Eq. ͑8͒, due to the depletion approximation, their contribution was not neglected in Eqs. ͑11͒ ͑i.e., c n , c p 0͒ because of its role in determining f t . Utilizing expressions ͑11͒ and ͑12͒, ⌬ f t may be written in the form
͑13͒
We limit ourselves to low illumination intensities such that the term containing I in the denominator may be neglected. Hence, Eq. ͑13͒ reduces to
where ␤ is, by definition, the ratio of the fractional population change and the illumination intensity. Thus, for a sufficiently low illumination intensity the change in the fractional population of a gap state is a linear function of this intensity.
Obviously, the excess charges of each bulk state ␦ and each surface/interface state ␦Q are related to the change in the fractional population by
where q is the electron charge. Clearly, N t b is a volume density ͑for bulk states͒ and N t s is a surface density ͑for surface/ interface states͒. If more than a single gap state exists in any given region, the total change in the charge density is expressed as the appropriate sum of terms such as those in Eqs. ͑15͒. By inserting these sums into Eq. ͑9͒, and using Eq. ͑14͒, we obtain
where the index m denotes the four possible regions of the sample ͑ex: surface; f : film; in: interface; s: substrate͒ and the index j denotes different gap states within any given region. The explicit form of the B m j coefficients is
Each B m j is the weighting coefficient of the given gap state. Equation ͑16͒ clearly indicates that for a sufficiently low illumination intensity, the change in the surface potential is proportional to this intensity. It is this linearity that allows the simple analytical quantitative interpretation of SPV spectra that is discussed in the following section.
III. EVOLUTION OF SPV SPECTRA WITH OVERLAYER THICKNESS
In order to explain how the mathematical analysis of the previous section may be used for the interpretation of experimental data, let us gain some physical insight into it. From Eqs. ͑16͒ and ͑17͒, one can see that all gap states within the depletion region ͑which extends throughout the thin film and some of the substrate͒ contribute to the change in the surface potential. Moreover, the ratio between the change in the surface potential and the illumination intensity is a linear combination of the contribution of each gap state with the weighting coefficients B m j . Hence, all the relevant physical information about each gap state is contained within this single parameter. By inspecting the form of the different B m j we observe that they contain both the ''inherent'' physical properties ͑e.g., density and location͒ and the ''interactive'' ones ͑e.g., thermal and optical transition rate coefficients͒. Thus, the physical problem of the interpretation of SPV spectra of thin-film structures may be recast as a mathematical problem of finding the set of the parameters B m j and their dependence on the sample parameters. Specifically, this section focuses on analysis of the unique information one can obtain by taking measurements as a function of overlayer thickness. Such measurements are shown to yield information about local state occupation statistics and mechanisms of its charge exchange with the overlayer and substrate.
In order to obtain more compact expressions, the distributions N f j and N s j are assumed to be uniform and the capture processes are assumed negligible in the depletion region, due to the negligibly small number of free carriers. The combination of both assumptions makes all ␤ coefficients independent of carrier concentration and position. Hence, the integral expressions in Eqs. ͑17͒ may be evaluated explicitly and all the coefficients B m j may be represented as a product of the form
where
and use of Eq. ͑4͒ yield
Let us consider some of the physical implications of the foregoing equations: We conclude that in the case of uniform
Hence, information about both may be obtained using SPS.
Indeed, the proportionality constant between ␦V s and I is a linear combination of the thermal and optical interactive properties of the gap states, with weighting coefficients which are determined by inherent properties only. Moreover, Eqs. ͑19͒ reveal that the functional dependence of A m j on the film thickness w f varies widely, depending on the spatial location of the gap state. Thus, if the experimental conditions are such that the assumptions used to derive Eqs. ͑19͒ are valid, these equations may serve as a basis for identification of gap state sites. It is also reasonable to assume that the evolution of the SPV spectra with overlayer thickness would yield similar information in the general case, using numerical tools.
If capture processes are not negligible throughout the overlayer growth, the evolution of the SPV spectra will not depend on inherent properties alone. Instead, it will also reflect the dynamics of the interactive properties. The latter are dictated ͑for a given gap state͒ by the occupation statistics of the state, since its filling or emptying would increase or decrease generation and recombination rates. Such a change may eliminate the signal due to some gap states altogether. For example, if a certain state is filled with electrons due to overlayer growth, transitions from the valence band to that state may no longer be observed. Thus, the shape of the SPV spectrum may be drastically altered, whereas in the case of dependence on inherent properties alone only the relative magnitudes of contributions from different gap states may be changed.
The implications of the preceding paragraph for practical interpretation of SPV spectra become apparent if one considers the simple case of a thin-film structure with one dominant gap state, located at the internal interface ͑which is often the case in real experiments, as shown below͒. In this case, three modes of evolution are predicted, as follows.
͑1͒ Inherent evolution: The fractional occupation of the gap state does not vary significantly with overlayer thickness. Hence, interactive properties remain fixed. The evolution is dominated by the variation of inherent properties, namely the distance between the gap state and external surface. The shape of the spectrum is unaltered.
͑2͒ Weakly interactive evolution: The change in fractional occupation is non-negligible, and the evolution is assisted, or even dominated, by the change in emission and capture rates. Still, the occupation change is not significant enough to induce a change in the spectrum shape.
͑3͒ Strongly interactive evolution: The change in fractional occupation is significant. This results in major magnitude changes of transitions to/from the conduction and valence bands. Hence, the spectrum shape changes.
An experimental observation of the above modes tells us about the position of the Fermi level at the interface, which may change according to the interface state occupation.
IV. NUMERICAL SIMULATIONS
The concepts of the preceding section have been tested using a numerical simulation ͑details of the simulation program have been elaborated elsewhere 5, 7 ͒. In the simulation, the sample is illuminated by monochromatic light, with photon energies which vary over a range of 0.6-1.2 eV. The illumination intensity as a function of photon energy is shown in Fig. 2 . Its optical cross sections are
, where n0 ϭ10 Ϫ17 cm Ϫ2 and p0 ϭ2ϫ10 Ϫ17 cm
Ϫ2
. For simplicity, we assume that this is the only deep gap state within the structure. The film thickness was varied between 900 and 1700 Å.
The results of the simulation are shown in Figs. 3͑a͒-3͑d͒ ͑where the evolution is divided according to the different regimes͒. Since a p-type layer is grown on an n-type substrate, the density of holes present at the interface continuously increases with overlayer thickness. This is true for free holes as well as for holes trapped in the gap state. Note that the ''peak'' in the spectra around 0.9 eV in Figs. 3͑a͒-3͑d͒ is a numerically simulated experimental artifact which is expected to arise from the ''dip'' in photon flux around 0.9 eV ͑see Fig. 2͒ . Indeed, other simulated SPV spectra ͑not shown͒ which used a constant photon flux did not exhibit this peak.
Step a ͓Fig. 3͑a͔͒: A SPV signal corresponding to excitation of electrons from the gap state to the InP conduction band is apparent ͑as the ''knee'' in the spectrum at 0.8 eV͒. The gradual change of the gap state population from electrons to holes should diminish the magnitude of the signal due to this transition, because there are less electrons to be excited. However, the SPV actually increases, as clearly seen in the figure. This is due to the inherent properties being dominant in this case: Using Eqs. ͑19͒ and ͑20͒ with proper signs for interface and bulk charges it is easy to conclude that A in j should increase with increasing overlayer thickness. Hence, the overlayer is depleted to such an extent that the change in gap state population does not dominate the SPV evolution. The evolution is inherent and the shape of the SPV spectrum is not changed.
Step b ͓Fig. 3͑b͔͒: The magnitude of the signal corresponding to the transition described in step a diminishes. In addition, a transition corresponding to the excitation of holes from the gap state to the valence band ͑the complementary of the former transition͒ is observed starting at overlayer thicknesses of about 1100 Å. Finally, the overall SPV becomes positive instead of negative. This is clearly the result of a major change in the gap state population from consisting of primarily electrons to primarily holes. Thus, the thickness around which this transition occurs is an indicator of the thickness at which the Fermi level at the interface coincides with the gap state energy. The evolution of the SPV is clearly in the strongly interactive regime-both SPV shape and sign undergo a very significant change.
Step c ͓Fig. 3͑c͔͒: The SPV signal corresponding to the excitation of holes to the valence band is the only one observed. The SPV signal retains its shape with increasing magnitude. In this case the thickness dependencies of both the inherent and interactive elements predict an increase of the SPV magnitude. Therefore, this is a hybrid mode of evolution-inherent and weakly interactive.
Step d ͓Fig. 3͑d͔͒: The SPV magnitude decreases. Since the ''inherent'' coefficient predicts it should increase, its reduction must be attributed to the appearance of a nonnegligible free-hole density in the interface region. This increases hole capture transitions and therefore reduces the net SPV signal. The shape of the spectra remains unchanged. Thus, this is clearly a weakly interactive regime. The theory presented in the preceding section predicts that the SPV magnitude should saturate with increasing overlayer thickness when the interface space-charge region is fully developed. This is because subsequent growth of the overlayer should not change its properties, but merely increase the quasineutral part of the overlayer. Indeed, the SPV spectrum remains unaltered for overlayer thicknesses beyond ϳ1700 Å.
To conclude this section, we note that theory predicts that monitoring the SPV spectrum as a function of overlayer thickness results in information about gap state occupation statistics, Fermi-level variations, and charge exchange mechanisms between gap states, overlayer, and substrate. This is a unique feature of SPS since such detailed information is hard to obtain using other well-known characterization tools ͑especially contactless ones͒.
V. EXPERIMENTAL EXAMPLES
The purpose of this section is to provide experimental illustrations to the theoretical predictions made in the preceding section. As in the previous section, no attempt at a rigorous determination of various parameters is made. Rather, the novel physical aspects of the approach are emphasized. Two thin-film structures have been studied: InP/InAlAs and InP/In 2 O 3 . Both are of technological importance: The InP/ InAlAs junction is often used in InP-based devices for highspeed microwave applications and for optoelectronic communications circuits. 9 In 2 O 3 is a transparent conducting oxide and is therefore used as a top layer in solar cells. Hence, the properties of its interface with solar-cell materials in general, and the InP/In 2 O 3 heterojunction in particular, are technologically interesting. 10 Two InP/InAlAs samples ͑courtesy of Professor J. A. del Alamo, MIT͒ were used for the experiments: The first was an ͑unintentionally doped͒ n-type layer of In x Al 1Ϫx As (x ϭ0.485), grown by molecular-beam epitaxy ͑MBE͒ on an Fe-doped InP substrate. The film had a thickness of 500 Å prior to the beginning of the experiment. The second sample had an ͑unintentionally doped͒ p-type layer of In x Al 1Ϫx As with xϭ0.338 and a thickness of 1000 Å. Both InAlAs layers were grown at a relatively low temperature ͑р500°C͒, which makes them semi-insulating 11 with a carrier concentration of ϳ10 14 cm
Ϫ3
. In order to obtain the evolution of the SPV signal with film thickness, the films underwent several etching steps ͓in H 2 SO 4 :H 2 O 2 :H 2 O ͑1:1:10͒, diluted in H 2 O in a 1:10 ratio͔. Evidently, the reduction in the film thickness is proportional to the etch time, due to the constant etch rate.
12 Figure 4͑a͒ shows the subband-gap portions of the spectra obtained for the first sample for several etch times. It is readily observed that the shape of the spectrum remains essentially the same. Since the substrate is semi-insulating, and the type of state ͑donor or acceptor͒ is not known, it is hard to determine whether the evolution is truly inherent. Nevertheless, Fig. 4͑a͒ demonstrates that a ''shape preserving'' evolution may be obtained in an actual experiment. Figure  4͑b͒ shows the subband-gap portions of spectra obtained for the second sample. Here, the shape of the spectrum changes drastically with the etch time. Hence, we conclude that this spectrum is interactive. Moreover, it displays an inversion in the direction of growth of the signal around EХ1.03 eV ͑Х1200 nm͒. We interpret this inversion as the result of the interplay between this transition and its complementary transition, as in the numerical simulations presented above. The energy of the complementary transitions is EХ0.31 eV ͑Х 4000 nm͒, which is outside the energy range of our monochromator and therefore cannot be observed directly. Again, a qualitative resemblance to the numerical simulation ͓Fig. 3͑b͔͒ is apparent.
A Ϫ8 Torr͒. The InP substrate was heated up to 350°C for 10 min. At this degassing process, the substrate temperature was decreased to the deposition temperature ͑160°C͒. The InP surface was exposed to O 2 pressure: 5ϫ10 Ϫ4 Torr͒ for 5 min at the deposition temperature, after which a reference SPS measurement was made. Consequently, In͑99.99%͒ was resistively evaporated onto the InP substrate, under the specified O 2 pressure, which reacted with the deposited In at the substrate surface to form an In 2 O 3 film. 13 Control of the rate of evaporation and the thickness was done by means of a quartz-crystal oscillator. Additional SPS measurements were carried out at different thicknesses of the In 2 O 3 film. The obtained spectra for several representative film thicknesses are shown in Fig. 5 .
The evolution of the SPV spectrum in this case is clearly strongly interactive and serves to highlight several of the features which may be directly monitored and studied by means of our technique. These may be seen if we consider the SPV signal at hϭ1.13 eV as a function of thickness, shown in Fig. 6 . Because the growth process of the In 2 O 3 is of the Stranski-Krastanov type, 14 the experimental curve cannot be fitted by the simple one-dimensional analytical expressions of Sec. III, which assume layer-by-layer growth.
Nevertheless, some qualitative considerations are still fruitful: The dependence has two regions characterized by a significantly different rate of increase in ⌬V s . The first region features a sharp increase of ⌬V s with layer thickness, which may be primarily attributed to the formation of donor interface states and their charging process. The second region features a much lower rate of increase. It is governed by two processes which have opposite effects on ⌬V s . These are the increase of the layer thickness, on the one hand, and the filling of the donor states by electrons due to the high doping of the layer on the other hand. The latter dominates the decrease of the SPV with film thickness above ϳ 100 Å. These findings are in excellent agreement with the results of I -V measurements conducted in an independent study of the same interface: 13 This study has shown that the Schottky barrier height decreases due to the interface states but the ideality factor remains very close to 1. Based on our results, a plausible interpretation is that at the final In 2 O 3 film thickness the states are primarily filled and are thus quite inactive electrically. In fact, it has been found that the Schottky barrier height is between the Schottky and Bardeen limits, indicating that the interface states contribute to the Schottky barrier height but do not dominate it. Again, this is easily explained by the filling of the states observed by our technique.
VI. CONCLUSIONS
In conclusion, this article establishes, both theoretically and experimentally, that SPS measurements can be used to yield useful information about gap states located within any space-charge region to which photons can reach. Specifically, the study of buried interfaces ͑hitherto an underappreciated aspect of SPS͒ is feasible. Thus, information similar to that obtained about surface states 4 may be collected in the more general case. Moreover, the evolution of the SPV spectra as a function of overlayer thickness provide unique information about gap state occupation statistics, Fermi-level variations, and charge exchange mechanisms between gap states, overlayer, and substrate. These conclusions have been supported by a numerical simulation and verified by experimental examples.
